This paper describes the SOTREDI project, "Soil TREatment for Dikes", undertaken by Lhoist Group, a lime producer, since 2005. This project was led in partnership with research centres and universities, and presents new perspectives for the use of soils in hydraulic context. The objective was to demonstrate that soil treatment with lime, besides enhancing the materials workability, confers high levels of mechanical properties and low permeability values. Lime-treated soils also o er a reduction of piping and internal erosion hazards, and signi cantly increase the erosion resistance against overtopping and over owing.
Introduction
Lime treatment of soils is a technique widely used for soils improvement and stabilization for construction of roads, highways, railways, platforms [1] , [2] . If the use of lime for transportation infrastructures is wellknown, however the principles of lime treatment for hydraulic earthen structures remains barely applied or even forgotten (European case).
is paper describes the SOTREDI project, "SOil TREatment for DIkes", undertaken by Lhoist Group, a lime producer, since 2005. e aim of the project was to investigate the bene ts of lime treatment of soils, to measure and describe the relevant properties of these materials for an application in hydraulic context. Besides the experimental campaign at lab scale, full-scale experimental dikes were also built in order to prove the feasibility of the lime treatment and placement processes, and the performance of this kind of innovative structure.
Past field experience
e best way to introduce the subject is to remember the existing testimonials as to the e ectiveness and durability of limetreated structures. It is reported that two di erent problematic soil types have been involved in these applications: ■ highly plastic, expansive clayey soils, that are concerned by volume changes, water ingress through the cracks and slope sliding; ■ less plastic silty clays, also called dispersive soils: less cohesive, they are more subject to erosion. e Friant-Kern Canal is an irrigation canal located southeast of Fresno, California, built between 1945 and 1951, mainly with highly expansive montmorillonitic clay. e canal earthen banks have su ered periodic damage from cracking, slipping and sliding, even in concrete-lined sections, coming from the volume variations of soils (Plasticity Index from 23 to 50). e rehabilitation operations were led between 1973 and 1977, according a soil treatment with 4 % quicklime [3] , [4] .
Since, no new slips, slides or sloughs have occurred. A recent visit (Figure 1) showed that the sheep foot roller imprint was still visible both above and below the water surface, 35 years a er the job [5] . One can see minor erosion along the water level, due to departure of small rocks or "untreated clay balls", not mixed e ciently with lime due to the poor mixing quality at these ages. The maintenance operations are very limited on this section, considering the lime-treated part is durable and is signi cantly cost-saving.
Similar procedures were applied from 1974 and between 1985 and 1992 on Mississippi River levees, where more than 150 slides were repaired [3] , [6] . Dispersive soils were identi ed as source of problems in the case of earth dams [3] , [4] . Lime was recognized as a relevant agent for improving and stabilizing it, as the treated soil was recognized for preventing erosion, and as core material to minimize leakage and provide extra strength (Los Esteros Dam, New Mexico).
Towards an advanced study of lime treated soils for hydraulic uses
The relevant properties of lime-treated silty or clayey soils for a use in hydraulic earthen structures are barely described in the literature. is is why Lhoist launched an ambitious research program in partnership with Universities and Research Institutes, with the objective to establish the most appropriate procedures for lime treatment of soils, the relevant properties, 
Experimental

Materials
e limes used for soil treatment studies are provided by Lhoist. A calcic quicklime Proviacal® DD, a CL-90 Q according to European Standard EN 459-1, with an available CaO content of 90.9 %, and a t 60 (reactivity) of 3.3 minutes, and a hydrated lime Proviacal® DD (CL-90 S) have been used. Six di erent ne soils, from silty (PI = 8) to clayey (PI = 37) have been used during the experimental campaign at lab scale.
Permeability of lime-treated soils
e construction of a hydraulic structure involves the control of its water permeability, that has to be the lowest possible to limit the water ingress through the bottom and the slopes. e preconceived idea is that permeability increases a er lime treatment, due to the decrease of soil dry density.
An experimental study was realized according to the XP CEN ISO/TS 17 892-11 Standard, on a silty soil (88 % particles <80 µm, w P = 19.8 %, w L = 32.5 %, PI = 12.7, w OPN = 15.8 %, ρ d = 1.81 g/cm 3 ) treated with 2 % and 3 % lime.
e preferred conditions for reaching low permeability values of the lime-treated silty soil are: i) high moisture content and ii) kneading compaction. e placement method is far more important than nal density in the control of permeability, and can led to k values below 5 *
10
-9 m/s, even below 10 -10 m/s, similar to untreated specimens permeability levels.
Mechanical behaviour
e lime-treated soil can be considered as "cemented" material, in this sense that the particles assembly is realized by the adhesive forces developed by the lime action. is new assembly has also a new stress resistance threshold. For isotropic and oedometric compressive tests, this threshold is not considered as a preconsolidation stress, but more as the yield strength of the new limetreated material of low ductility, quantifying the resistance of the adhesive bounds created by the lime treatment. e rise in cohesion is also due to the so-called pozzolanic reactions between lime, dissolved silica and alumina species from clays and water, giving a material that is almost not compressible, and not subjected to deformations if submitted to stresses until several hundred kPa [5] , [7] .
Water sensitivity and Erosion resistance
Dispersivity, swelling and shrinkage e non-dispersive behaviour of an initially dispersive silty soil was shown by an enhanced crumb-test [8] . e untreated compacted cylinder collapsed a er 15 minutes immersion, whereas no degradation occurs on the 2 % lime-treated sample, even a er 45 hours immersion (Figure 2) .
Free shrinkage evaluation was also performed on this clayey soil according the German Standard DIN 18 122-2. A natural clayey soil (PI = 37) was tested and showed a shrinkage limit (w s ) of 16,5 %, linked with a big volume variation (more than 50 % shrinkage). Once treated with 5 % quicklime, ws is displaced towards higher water content (w s = 55 %), well above the OPN conditions, ensuring the volume stability of the material.
Erosion resistance
Both internal (by Hole Erosion Test HET) and external (by Mobile Jets Erosion Test, MoJET) erosion resistance were studied, in order to evaluate the impact of lime treatment on the critical parameters of the materials. HET was performed at Cemagref (France) on a clayey silt taken from a Camargue Dike (France): 95 % particles <80 µm, 30 % <2 µm, PI = 11.
A er 14 days curing, the critical stress determined on a 2 % lime-treated specimen was increased by a factor 20, and the erosion coe cient divided by 10 (comparison with untreated soil). HET results can be used to estimate the threshold water velocity that induces erosion (Figure 3) . For un treated clayey silt, the erosion threshold corresponds to a water velocity of 2 m/s, whereas for limetreated material, the value rises up to 10 m/s. ese results are important elements for the problematic of internal erosion, main origin of hydraulic earthworks failures [9] , [10] .
Experimental full-scale dike in lime-treated soil
Objectives
e objective of the construction of 2 fullscale experimental dry dikes, is to study the behaviour of the structure and the constitutive materials by the means of in-situ and laboratory mechanical, permeability and erosion tests [11] . These structures were built in the CER (Experimentation and Research Center, Rouen, France) in September 2011. e rst experimental embankment was built with a ne, silty soil treated with 2.5 % lime. e second smaller embankment was built using the same initial silty soil, but without lime treatment.
Soil characteristics, placement conditions
e initial characteristics of the silty soil used, and the resume of the lime treatment study are reported in Table 1 .
e most bene cial placement conditions and processes producing the lowest permeability of lime-treated compacted materials were determined as follows: ■ a er lime and soil mixing, the nal materials must be humid, e.g. wet of optimum conditions. ■ the compaction must be performed with kneading operations (sheepfoot roller). e objective is to reach at least 95 % of the maximal dry density. e equipment used for lime treatment was a mobile soil mixing plant, able to precisely control the lime dosage through a continuous weighing of soil passing through the band, and o ering a regular addition of water directly in the mixing bell. e particle size of the treated soil is very fine and ranges between 0 and 20 mm. e compaction equipment is a VP5 sheepfoot roller, according the French Standard NF P 98-736. e process steps and equipment are illustrated in 
Measurements
Homogeneity of the lime-treated dike
e measured lime and water contents and the calculated standard deviations of the mixture composition show the high level of homogeneity of the treated soil, and therefore the consistency of the production using the mobile plant ( Table 2 ). e objectives in terms of water content > OMC, tra c ability and density level are reached. is last value exceeds on every layer the 95 % of maximal dry density (Standard Proctor).
Mechanical performance
e increase of strength and cohesion is demonstrated through these last measurements. Pressuremeter values indicate that from a natural under consolidated soil lime treatment and conservation after placement produce an important strength increase, making the soil sharply consolidated. In the same time, triaxial tests identify the initial, untreated soil as non-or little-cohesive (cohesion value is arbitrarily 0), whereas the cohesion a er lime treatment increased to 61 kPa a er 75 days and 102 kPa a er 6 months.
Permeability
In situ and laboratory permeability measurements were recorded using several methods [11] . Two in situ and a lab (triaxial) methods were used. Very low permeability values were obtained for both structures, close to 10 -9 m/s. e similar orders of magnitude can be seen as evidence that the lime treatment produces equivalent permeability levels as the natural soil if the treatment and placement methodologies are applied. Finally, in situ horizontal permeability values show that kneading compaction using a "sheepfoot" roller can guarantee a good overlapping of the successive layers, avoiding water movement through interfaces.
Erosion resistance
Interpretation of Hole Erosion Test (HET) results identi es a signi cant increase in the critical stress with lime treatment. 30 days a er construction, the value was multiplied by at least 7 orders of magnitude in comparison with untreated soil, and reach values above 800 Pa. e same tendency is observed for in situ MoJet (Mobile Jets) erosion tests performed on the slopes of the dry dikes.
Potential applications
for hydraulic structures, future prospects
Relevant Properties, Recommended Methodology
e above results indicate that through lime treatment, the properties and behaviour of the resulting materials can meet 3 key factors insuring the construction, design, durability and limited maintenance of a hydraulic earthen structure: permeability, mechanical and volume stability, internal and external erosion resistance.
e homogeneity of the treated soil is an issue in order to limit permeability gradients that can be the origin of abnormal local ows. Moreover, the di culty to obtain a homogeneous material in Civil Engineering works is a permanent issue. e way the lime treatment was performed in the past (see examples of Friant-Kern canal and Mississippi levees, pt 1.), with treatment methods and devices that did not follow the current recommendations gave nevertheless materials with good performance and durability. e use of a mobile plant followed by kneading compaction showed the feasibility of the procedure at industrial scale.
Potential uses in the future
anks to the mechanical improvement, erosion resistance and permeability levels conferred by a lime treatment using the speci c conditions described in this paper, it is possible to foresee future uses in a lot of diverse hydraulic applications: ■ reuse of heavy clays in dike or dam foundation, thanks to the absence of di erential settlement, creep and the stability; ■ homogeneous embankments in limetreated soils for warm and dry countries, thanks to the reduction of shrinkage cracks, the improved workability and easier compaction procedures; construction of erosion-resistant external parts of hydraulic structures (blankets of levees …). 
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